Pancreatic cancer is a highly aggressive malignancy with a notoriously dismal prognosis. A major contributor to this poor clinical outcome is pancreatic cancer's prominent chemoresistance. The present study was undertaken to determine whether the flavonoid p-hydroxycinnamic acid (HCA), which is a botanical factor, possesses anticancer effects on cloned human pancreatic cancer MIA PaCa-2 cells that possess resistance to radiation therapy in vitro. Proliferation of MIA PaCa-2 cells was suppressed after culture with HCA (10-1,000 nM). Such an effect was also noted in human pancreatic cancer Pt45P1 cells. In the MIA PaCa-2 cells, HCA induced G1 and G2/M phase cell cycle arrest in the cells. The suppressive effects of HCA on proliferation were suggested to be mediated through the inhibition of various signaling pathways related to nuclear factor-κB (NF-κB), extracellular signal-regulated kinase (ERK), protein kinase C, phosphatidylinositol 3-kinase (PI3K) or nuclear transcription activity. Moreover, HCA was found to stimulate cell death in the MIA PaCa-2 and Pt45P1 cells in vitro. The anticancer effects of HCA on MIA PaCa-2 cells were exhibited at a lower concentration than gemcitabine, a potent cancer drug. The flavonoid HCA may be a useful tool in the therapy of human pancreatic cancer in vivo.
Introduction
The normal pancreas is made up of two classes of cells: endocrine (hormone-secreting) and exocrine (digestive enzyme-producing). Depending on the cell of origin, pancreatic cancers can be classified as endocrine or exocrine tumors. Roughly 90% of all pancreatic cancers are pancreatic ductal adenocarcinomas, an exocrine pancreatic tumor that resembles the cells lining the pancreatic duct (1) . Pancreatic cancer is a highly aggressive malignancy with a notoriously dismal prognosis. Pancreatic cancer is the 12th most common cancer. Despite not being one of the most prevalent cancers, it is by far one of the deadliest, with a 5-year survival of less than 7% (1, 2) . It ranks fourth in terms of cancer mortality and accounts for less than 7% of all cancer-related death (1, 2) . A major contributor to this poor clinical outcome is pancreatic cancer's prominent chemoresistance (3) .
The flavonoid p-hydroxycinnamic acid (HCA), which is an intermediate-metabolic substance in plants and fruits, is synthesized from tyrosine (4, 5) . HCA has been found to exhibit anabolic effects on bone metabolism in vitro and preventive effects on bone loss in osteoporosis model animals including postmenopause and type 1 diabetes in vivo (6) (7) (8) . Among the botanical factor cinnamic acid-related compounds (cinnamic acid, HCA, ferulic acid, caffeic acid and 3,4-dimethoxycinnamic acid), HCA has been shown to possess a specific anabolic effect on bone metabolism in vitro (6) . HCA has been shown to possess suppressive effects on osteoclastogenesis by antagonizing the receptor activator of nuclear factor-κB ligand (RANKL)-induced NF-κB activation and potent stimulatory effects on osteoblastogenesis and mineralization through inhibition of tumor necrosis factor (TNF)-α-enhanced NF-κB signaling in vitro (9) (10) (11) . HCA was also found to suppress adipogenesis in bone marrow cells by inhibiting MEK/extracellular signal-regulated kinase (ERK) signaling in vitro (12) . Thus, HCA has been demonstrated to exhibit suppressive effects on multi-signaling pathways in various types of cells to restore metabolic disorder.
It is well-known that many signaling pathways are attenuated in cancer cells. The effects of HCA on cancer cells have not been investigated. We hypothesized that HCA may exhibit anticancer effects on human pancreatic cancer MIA PaCa-2 cells in vitro, which possess resistance to drugs and radiation in pancreatic cancer therapy. This study was undertaken to determine whether HCA possesses suppressive effects on pancreatic cancer cells in vitro. HCA was found to suppress the proliferation and to stimulate apoptotic cell death of human pancreatic cancer MIA PaCa-2 and Pt45P1 cells in vitro. In this study, botanical factor HCA was demonstrated to possess anticancer cell effects.
Materials and methods
Materials. Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/l glucose, L-glutamine and sodium pyruvate and antibiotics (penicillin and streptomycin) were purchased from Corning Cellgro (Mediatech, Inc., Manassas, VA, uSA). α-minimum essential medium (α-MEM) was purchased from Sigma-Aldrich (St. Louis, MO, uSA). Fetal bovine serum (FBS) was from HyClone Corp. (Logan, uT, uSA). HCA (100% pure) was obtained from Wako Pure Chemical Co., Ltd. (Osaka, japan). TNF-α was from R&D Systems (Minneapolis, MN, uSA). PD98059, staurosporine, Bay K 8644, wortmannin or 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), sodium butyrate, roscovitine, sulforaphane, caspase-3 inhibitor and all other reagents were purchased from Sigma-Aldrich unless otherwise specified. Gemcitabine was obtained from Hospira, Inc. (Lake Forest, IL, uSA). Gemcitabine and caspase-3 inhibitor were diluted in phosphate-buffered saline (PBS) and other reagents were dissolved in 100% ethanol for use in the experiments.
Pancreatic cancer cells. We used human pancreatic cancer MIA Paca-2, Pt45P1 (highly expressing tissue factors; high TF) and Pt45P1 (highly expressing alternative spliced variant TF; asTF) cells (13, 14) . These human pancreatic cancer cell lines were obtained from the American Type Culture Collection (ATCC; Rockville, MD, uSA). MIA PaCa-2 cells are commonly used as a model for human pancreatic cancer cells. This cancer cell line possesses resistance for the therapy with drugs and radiation. This cell line was a useful tool to determine whether or not HCA exhibits anticancer effects. Therefore, we used the cell line. Moreover, we used Pt45P1 cells that highly express tissue factors.
Cell proliferation. Pancreatic cancer cells (1x10 5 /ml per well) were cultured in a 24-well plate with DMEM containing 10% FBS and 1% P/S in the absence or presence of HCA (10, 100, 250, 500 or 1,000 nM) for 1, 3, 7 or 14 days in a water-saturated atmosphere containing 5% CO 2 and 95% air at 37˚C (15, 16) . In separate experiments, pancreatic cancer cells (1x10 5 /ml per well) were cultured in DMEM containing 10% FBS and 1% P/S in the presence of sodium butyrate (10 and 100 µM), roscovitine (10 and 100 nM), sulforaphane (1 and 10 nM), TNF-α (1 ng/ml), Bay K 8644 (1 µM), PD98059 (1 µM), staurosporin (0.1 µM), wortmannin (1 µM), DRB (1 µM), or gemcitabine (100 nM) for 3-7 days. After culture, the cells were detached from each culture dish and counted.
Cell death. Pancreatic cancer cells (1x10 5 /ml per well) were cultured using a 24-well plate in DMEM containing 10% FBS and 1% P/S in the absence of HCA for 7 days. When reaching confluency, the cells were additionally cultured in the presence of HCA (10, 100, 250, 500 or 1,000 nM) with or without gemcitabine (100 nM) or caspase-3 inhibitor (5 µM) for 3 or 7 days (17) . After culture, the cells were detached from each culture dish.
Cell counting. After trypsinization of each culture dish using 0.2% trpysin plus 0.02% EDTA in Ca 2+ /Mg 2+ -free PBS for 2 min at 37˚C, the detached cells from the dish were collected after centrifugation (15) (16) (17) (18) . The cells were resuspended in PBS solution and stained with eosin. Cell numbers were counted under a microscope using a hemocytometer plate. For each dish, we took the average of two countings. Cell number was expressed as the number per well of the plate.
Statistical analysis. Statistical significance was determined using GraphPad InStat version 3 for Windows xP (GraphPad Software Inc., La jolla, CA, uSA). Multiple comparisons were performed by one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons post test for parametric data as indicated. P<0.05 was considered to indicate a statistically significant difference.
Results

HCA suppresses the proliferation of pancreatic cancer cells.
To determine whether HCA possesses suppressive effects on the proliferation of cloned human pancreatic cancer MIA PaCa-2 cells in vitro, the cells were cultured in the presence of HCA (10-1,000 nM) for 1, 3, 7 and 14 days ( Fig. 1 ). Cell numbers were elevated with increasing culture time. Addition of HCA suppressed the increase in cell number. Thus, HCA was found to exhibit suppressive effects on the proliferation of MIA PaCa-2 cells. Moreover, we determined whether HCA possesses anticancer effects on the proliferation in other human pancreatic cancer cells. We used Pt45P1 (highly expressing tissue factors; high TF) and Pt45P1 cells (highly expressing alternative spliced variant tissue factor; asTF). The suppressive effects of HCA on the proliferation were also noted in the Pt45P1 ( Fig. 2A ) and Pt45P1 cells ( Fig. 2B ) in vitro, when cells were culture for 7 days in the presence of HCA (10-1,000 nM). Thus, HCA was found to possess anticancer effects in various types of human pancreatic cancer cells in vitro. This was a novel finding.
The suppressive effects of HCA on the proliferation of MIA PaCa-2 cells were determined in the presence of various inhibitors that induce cell cycle arrest in vitro (Fig. 3) . The cells were cultured for 3 days in the absence (Fig. 3A) or presence ( Fig. 3B ) of HCA (100 nM) with or without butyrate (10 and 100 µM), roscovitine (10 and 100 nM) or sulforaphane (1 and 10 nM) (16, 19, 20) . Proliferation of the MIA PaCa-2 cells was suppressed in the presence of these inhibitors (Fig. 3A) . The suppressive effects of these inhibitors on cell proliferation were not observed in the presence of HCA (100 nM) ( Fig. 3B) .
To determine the involved mechanism by which HCA possesses suppressive effects on cell proliferation, we ascertained whether HCA regulates intracellular signaling pathways using various inhibitors for cell signaling. The suppressive effects of HCA on the proliferation of MIA PaCa-2 cells were not altered in the presence of TNF-α, an enhancer of NF-κB signaling (21), or Bay K 8644, an agonist of Ca 2+ entry in cells (22) (Fig. 4A) . The suppressive effects of HCA (100 nM) on the proliferation of MIA PaCa-2 cells were not modulated in the presence of PD98059 (1 µM), an extracellular signal-regulated kinase (ERK) inhibitor (23) or staurosporin (0.1 µM), an inhibitor of protein kinase C (24) (Fig. 4B ). In addition, the suppressive effects of regucalcin on cell proliferation were not potentiated in the presence of wortmannin (1 µM), an inhibitor of phosphatidylinositol 3-kinase (PI3K) (25) or DRB (1 µM), an inhibitor of transcriptional activity with RNA polymerase II inhibition (26) (Fig. 4C ). Thus, HCA was suggested to inhibit various processes involved in intracellular signaling that are related to cell proliferation.
Moreover, we compared the suppressive effects of HCA on human pancreatic cancer cells using gemcitabine, a potent antitumor agent that induces nuclear DNA damage (27) . Culture with gemcitabine (50-1,000 nM) for 7 days (Fig. 5A ) or 14 days (Fig. 5B ) suppressed the proliferation of the MIA PaCa-2 ( Fig. 5A) and Pt45P1 (high TF) ( Fig. 5B ) cells. Notably, the suppressive effects of HCA (10 nM) on the proliferation of MIA PaCa-2 cells were significantly potentiated in the presence of gemcitabine (10 nM) with a concentration that did not possess suppressive effects on cell proliferation (Fig. 5C ). Such effects were not observed in the case of Pt45P1 (high TF) cells (Fig. 5D ). HCA stimulates cell death. To determine the effects of HCA on cell death in human pancreatic cancer MIA PaCa-2 cells, the cells were cultured for 7 days. After reaching confluency, the cells were cultured for an additional 3 days in the presence of HCA (10-1,000 nM) ( Fig. 6 ). Cell number was decreased after culture with HCA (10-1,000 nM) ( Fig. 6A ). Similar effects of HCA (10-1,000 nM) on decreasing the cell number were also noted in human pancreatic cancer Pt45P1 (highly expressing TF) cells (Fig. 6B) . The effects of HCA (10 or 100 nM) in decreasing the numbers of MIA PaCa-2 cells (Fig. 6C ) and Pt45P1 (highly expressed TF) cells (Fig. 6D) were not potentiated in the presence of gemcitabine (100 nM).
MIA PaCa-2 cells were cultured for 7 days. After reaching confluency, the cells were cultured for an additional 2 days in the presence of HCA (10 or 100 nM) with or without a caspase-3 inhibitor (5 µM). The suppressive effects of HCA on cell death were prevented in the presence of the caspase-3 inhibitor (Fig. 7) . Thus, HCA was suggested to stimulate cell death related to an increase in caspase-3 activity.
Discussion
The flavonoid HCA, which exhibits an anabolic effect on osteoporotic bone loss (6) (7) (8) , has been demonstrated to stimulate MIA PaCa-2 or (B) Pt45P1 cells were cultured for 7 days until reaching conflueny, and then the cells were cultured for an additional 3 days in the presence of HCA (10-1,000 nM). (C) MIA PaCa-2 cells or (D) Pt45P1 cells were cultured for 7 days until reaching confluency, and then the cells were cultured for an additional 3 days in the presence of HCA (10 or 100 nM) with or without gemcitabine (GCB) (100 nM). After culture, the number of attached cells on the dish was counted. Data are presented as the mean ± SD of 2 replicate wells per data set using different dishes and cell preparation. * P<0.001 vs. the control (grey bar); one-way ANOVA, Tukey-Kramer post test. osteoblastic mineralization and to suppress osteoclastogenesis and adipogenesis in mouse bone marrow culture in vitro (9) (10) (11) (12) . In these processes, HCA has been shown to suppress various signaling pathways including NF-κB and MAPK/ERK that play a pivotal role in cell regulation of various types of cells. These signaling systems are known to be disturbed in cancer cells. We hypothesized that HCA may exhibit anticancer cell effects by restoring attenuated cell signaling in cancer cells.
HCA was demonstrated to suppress the proliferation and stimulate cell death in human pancreatic cancer MIA PaCa-2 and Pt45P1 (highly expressing TF) cells in vitro, supporting the view that HCA has an anticancer cell effect on various types of human pancreatic cancer cells. The suppressive effects of HCA on the proliferation of MIA PaCa-2 cells were not potentiated in the presence of butyrate, roscovitine or sulforaphane that induce cell cycle arrest. Roscovitine is a potent and selective inhibitor of the cyclin-dependent kinase cdc2, cdk2m and cdk5 (19) . Sulforaphane induces G2/M phase cell cycle arrest by stimulation of p21 and inhibition of cdc2 kinase (20) . Butyrate induces inhibition of G1 progression by inhibiting Akt (16) . HCA may induce G1 and G2/M phase cell cycle arrest by inhibiting the kinase activities of cdc2 and Akt in MIA PaCa-2 cells.
Moreover, the suppressive effects of HCA on MIA PaCa-2 cells were not modulated in the presence of various inhibitors that regulate intracellular signaling pathways in vitro. The suppressive effects of HCA on the proliferation of MIA PaCa-2 cells were not modulated in the presence of TNF-α, an enhancer of NF-κB signaling (21), Bay K 8644, an agonist of Ca 2+ entry in cells (22) , PD98059, an inhibitor of ERK/mitogen-activated protein (MAP) kinase signaling pathway (23) , staurosporin, an inhibitor of calcium-dependent protein kinase C signaling pathway (24) and wortmannin, an inhibitor of PI3/Akt signaling pathway (25) . These findings suggest that HCA exerts suppressive effects mediated by the inhibition of various signaling pathways related to NF-κB, ERK, protein kinase C, calcium signaling, or PI3K in MIA PaCa-2 cells. Moreover, the suppressive effects of HCA on cell proliferation were not enhanced in the presence of DRB, an inhibitor of transcriptional activity with RNA polymerase II inhibition (26) . HCA may suppress transcriptional activity in the nucleus of MIA PaCa-2 cells. Thus, HCA may possess suppressive effects on the proliferation by inhibiting various signaling processes in human pancreatic cancer cells. HCA may be a multi-inhibitor in the proliferation of pancreatic cancer cells. Further research is warranted to elucidate the molecular mechanisms.
Gemcitabine is used clinically in the therapy of pancreatic cancer (27) . Gemcitabine is a potent antitumor agent that induces nuclear DNA damage and apoptotic cell death in cancer cells (27) . This agent suppresses cell proliferation and stimulates apoptotic cell death in cancer cells of various types (27) . The stimulatory effects of HCA on cell death in the MIA PaCa-2 cells were significantly enhanced in the presence of gemcitabine. HCA may possess a different mode of action when compared to that of gemcitabine. HCA was also found to stimulate cell death in human pancreatic cancer Pt45P1 (highly expressing TF) cells in vitro. HCA at a comparative lower concentration (10 nM) was found to exhibit suppressive effects on the proliferation and stimulatory effects on apoptotic cell death in the MIA PaCa-2 and Pt45P1 cells. Such effects were not observed at the same concentrations of gemcitabine. Notably, the stimulatory effects of HCA on cell death in the MIA PaCa-2 cells were not noted in the presence of a caspase-3 inhibitor. HCA may stimulate cell death through a mechanism by which caspase-3 activity is increased. It is possible that HCA directly activates this enzyme in the nucleus. HCA, which is a botanical factor, may have lower toxicity as compared with that of gemcitabine. HCA may be a useful tool in the prevention and therapy in human pancreatic cancer.
In conclusion, this study demonstrates that the flavonoid HCA suppresses the proliferation and stimulates the cell death of human pancreatic cancer MIA PaCa-2 and Pt45P1 (highly expressing TF and alternative spliced variant TF) cells in vitro. Thus, HCA was found to have an anticancer effect in various types of human pancreatic cancer cells in vitro. This was a novel finding. HCA may be a useful tool in the prevention and therapy of human pancreatic cancers in vivo. Further research is needed to confirm the suppressive effects of HCA on carcinogenesis in vivo. Figure 7 . The stimulatory effects of p-hydroxycinnamic acid (HCA) on cell death are prevented in the presence of a caspase-3 inhibitor in human pancreatic cancer MIA PaCa-2 cells in vitro. Cells were cultured for 7 days until reaching confluency, and then the cells were cultured for an additional 6 days in the presence of HCA (10 or 100 nM) with or without a caspase-3 inhibitor (5 µM). After culture, the number of attached cells on the dish was counted. Data are presented as the mean ± SD of 2 replicate wells per data set using different dishes and cell preparation. * P<0.001 vs. control (grey bar); one-way ANOVA, Tukey-Kramer post test.
